. Together, these observations sugsome dynamics by nuclear architecture, we have folgest that steric interactions between chromosomes lowed the movements of different sites in the human alone may not account for the observed constraints on genome in living cells. Here, we show that loci at nucleoli chromatin motion. An alternative view it that the restricor the nuclear periphery are significantly less mobile than tions on chromatin motion reflect the attachment of other, more nucleoplasmic loci. Disruption of nucleoli inchromatin to nuclear substructures, such as the nucleocreases the mobility of nucleolar-associated loci. lus, nuclear periphery, or a global superstructure such as a nuclear matrix [7] . An extension of this model suggests Conclusions: This is the first report of distinct nuclear that, by varying the density of attachment sites, the substructures constraining the movements of chromamobility of chromatin can be tightly regulated, which tin. These constraints reflect the physical attachment of may account for large-scale movements of chromatin chromatin to nuclear compartments or steric impairment observed in specific developmental and tissue culture caused by local ultrastructure. Our data suggest a role models [8]. for the nucleolus and nuclear periphery in maintaining To gain insight into the regulation of chromatin dythe three-dimensional organization of chromatin in the namics by nuclear architecture, we have analyzed the human nucleus. motion of several different regions in the human genome. The genomic regions we have studied differ in Background terms of gene density, replication timing, intranuclear position, and association with nuclear compartments.
systems [1, 2] . of chromatin to nuclear compartments, or steric impairThe apparent reproducibility of chromatin organizament to motion caused by local ultrastructure, and may tion likely depends upon the relative immobility of chroreflect a role for the nucleolus and nuclear periphery in matin during interphase. Two complementary experimaintaining the organization of chromatin in the nucleus. mental approaches have confirmed that the motion of interphase chromatin is generally constrained. Fluorescence recovery after photobleaching (FRAP) studies on Results mammalian nuclei indicate that chromatin is immobile over distance scales greater than 0.4 m, for time periTagging Different Sites in the Human Genome ods of more than 1 hr [3] . This contrasts with other FRAP To monitor chromatin movements in living human cells, we tagged individual loci with arrays of lacO sequences [9] . GFP was directed to these arrays by fusing it to the lac repressor, allowing the tagged loci to be visualized at the nucleolus (33/33 nuclei, Figure 2B ). The 1q11 array is found in the nuclear interior ( Figure 2A ). 1q11 is a as fluorescent spots. We integrated a 128-mer array ( Figure 1A ) of lacO sequences randomly into the genome satellite-rich region known to associate with nucleoli [13] . Consistent with this, 92% (54/59) of spots in the of HT-1080 cells [10] . The array copy number in each of the clones was determined using Southern hybridiza1q11 cells expressing GFP-repressor overlap with Ki67 antigen staining (data not shown). The 13q22 array is tion of genomic DNA digested with BglII, which has a unique site in the lacO array vector. We found two enriched at the nuclear periphery. The arrays at 5p14 and 3q26.2 show less polarized distributions, with 5p14 independent clones that give single bands of between 7.4 kb and 14.8 kb, indicating that these clones have distributed throughout the nucleus and 3q26.2 enriched close to, but not at, the nuclear periphery. In all of our single-copy insertions of the array, not multiple, inverted repeat, or fragmented insertions ( Figure 1B) . These sincell lines, no significant recruitment of GFP-repressor spots to promyelocytic leukemia (PML) bodies was gle-copy clones were used to estimate the array copy number of the other clones ( Figure 1C) . The smallest seen. This contrasts with an earlier study demonstrating the recruitment of megabase-sized operator arrays to integrations used previously in mammalian cells were 10-20 copies of a 256-mer lac array [11] . Here, we have PML bodies [14] ( Figure 2C ). used 7-16 copies of a 128-mer array. Fluorescence in situ hybridization (FISH) of metaphase spreads using a Chromatin Motion Constrained at Nuclear Compartments lac probe indicated that, in each of these positive clones, the lac arrays had integrated at a single locus (Figure Chromatin motion was tracked in the lacO integrant cell lines stably expressing the GFP-lac repressor fusion 1D). The cytogenetic position of these loci was determined and confirmed using probes known to hybridize protein. We followed the movements of the tagged loci by observing the changes in distance between two GFPto particular bands ( Figure 1D ). Five cell lines were chosen as the basis for this study. The genomic regions lac spots [5] . Approximately 30% of the cells had two spots, corresponding to two copies of the integrated tagged in these clones have different properties in terms of gene density, replication timing, intranuclear position, chromosome, as HT-1080 cells display aneuploidy [15] . The movement of individual loci in human cells is and association with nuclear compartments [12] (Table 1) .
It was important to determine if the integration of lacO restricted, as demonstrated in the time lapse of a single nucleus in Figure 3A . The changes in distance between sequences perturbed intranuclear chromosome organization. FISH with probes to lacO and the genomic respots, from several different nuclei of the 5p14 integrant, are illustrated in Figure 3B . These data support the idea gions of integration was used to compare the positions of tagged and untagged loci in the same cells. The lac of the random walk diffusive behavior inferred from studies on yeast chromatin [5] . For many of the data records, arrays have similar intranuclear distributions to their untagged homologs (Figures 2A and 2B) and reflect the the distance between spots appears to fluctuate, apparently randomly, around a mean value. For other records, known distributions of human chromosomes [2] . The array integrated at 13p, close to rDNA, is always found there appears to be a more substantial drift away from . It is therefore significant that chromatin mobility, which likely reflects the degree of attachment to nuclear substructures and local steric compaction, is similar in both chromosomal environments. We also obtained Ͻ⌬d
2
Ͼ values from genomic regions located at or adjacent to the nucleolus and nuclear periphery. As can be seen from the plots in Figure 4A , peripheral and nucleolar-associated chromatin is considerably less mobile than the nucleoplasmic 5p14 locus. The Ͻ⌬d 2 Ͼ plot for the nuclear peripheral 13q22 locus initially has a similar gradient to the two nucleoplasmic loci, but the asymptotic Ͻ⌬d wild-type brown allele is also recruited to heterochromawith DRB clearly has no effect on the mobility of this tin. The resulting transcriptional silencing gives rise to peripheral locus, indicating that the constraints on the a dominant variegating phenotype. In addition, previous movement of 13p are likely to be imposed by nucleolar studies on chromosome motion in mammalian cells usarchitecture.
ing the lacO system have used large arrays of operators that localize at the nuclear periphery [14, 21, 22]. AlDiscussion though our lacO integrations are smaller than any used previously in mammalian cells, we were initially conThis is the first study to describe movements of individcerned that these arrays might have disruptive effects ual loci in human cells. The chromatin mobility we have on chromosome organization and cause recruitment of described is broadly similar to the diffusional mobility the tagged loci to silent nuclear domains. However, our identified in other systems, but we have shown that FISH studies demonstrate that the lac arrays have subdifferent loci display different levels of motion. Genomic nuclear distributions appropriate for their sites of integration and also show appropriate recruitment to both regions associated with the nucleolus and nuclear pe-nucleoli and the nuclear periphery. We did not find significant enrichment of the arrays at PML bodies, in contrast to an earlier study [14] . Our arrays were over two orders of magnitude smaller than those used previously, which may account for the differences between the data.
Our chromatin motion data suggest broad similarities in the motile properties of interphase chromatin from budding yeast, Drosophila, and humans. Quantitative analysis of the mobility of human chromatin is suggestive of motion by diffusion, as reported for other organisms. Our data also suggest that this diffusion is constrained, and we show that the level of constraint varies between loci. Although superficially similar, the properties of the constrained diffusional motion we see in human cells are quantitatively different from those of the other model organisms. We estimate the diffusion coefficients for human loci to be 4-fold lower than the coefficient estimated from budding yeast [5] , implying that human chromatin is subject to greater resistance to motion. This may reflect that mammalian chromatin shows a greater degree of compaction or is more extensively attached to nuclear substructures. The constraints on motion also differ between species. The asymptotic mean change in distance for the 5p14 locus is over 2-fold higher than the estimate from yeast, indicating that human chromatin has a greater radius of movement. However, due to the large size of the human nucleus, 
